A key unanswered question in smooth muscle biology is whether phosphorylation of the myosin regulatory light chain (RLC) is sufficient for regulation of contraction, or if thin-filament-based regulatory systems also contribute to this process. To address this issue, the endogenous RLC was extracted from single smooth muscle cells and replaced with either a thiophosphorylated RLC or a mutant RLC (T18A͞ S19A) that cannot be phosphorylated by myosin light chain kinase. The actin-binding protein calponin was also extracted. Following photolysis of caged ATP, cells without calponin that contained a nonphosphorylatable RLC shortened at 30% of the velocity and produced 65% of the isometric force of cells reconstituted with the thiophosphorylated RLC. The contraction of cells reconstituted with nonphosphorylatable RLC was, however, specifically suppressed in cells that contained calponin. These results indicate that calponin is required to maintain cells in a relaxed state, and that in the absence of this inhibition, dephosphorylated cross-bridges can slowly cycle and generate force. These findings thus provide a possible framework for understanding the development of latch contraction, a widely studied but poorly understood feature of smooth muscle.
Extensive biochemical and physiological studies indicate that phosphorylation of Ser-19 of the myosin regulatory light chain (RLC) is both necessary and sufficient for the initiation of smooth muscle cell contraction (1) (2) (3) (4) (5) . But it does not necessarily follow that the relaxed state in smooth muscle is merely due to the dephosphorylated state of the RLC. The notion that RLC phosphorylation is solely responsible for regulating myosin attachment and cycling has become increasingly untenable as numerous studies have shown that force generation is not a unique function of RLC phosphorylation (5) . Following the onset of force development many smooth muscles enter a ''latch'' state, where high force continues to be produced but RLC phosphorylation and shortening velocity decline (6) . These observations represent a long standing challenge to simple ideas about the role of RLC phosphorylation in regulating smooth muscle contraction. Modifications to elementary schemes for cross-bridge cycling in smooth muscle and its regulation by RLC phosphorylation have been introduced to explain the inconstant relationship between force and RLC phosphorylation (5, 7, 8) . Many of these schemes require that dephosphorylated cross-bridges can produce force, a feature of smooth muscle that has yet to be directly demonstrated. If dephosphorylated cross-bridges can cycle, then there must be some other regulatory mechanism that determines when dephosphorylated cross-bridges contribute to the force produced by the cell and when they do not. A second regulatory system originating on the actin filament has been postulated to play a role in the regulation of smooth muscle contraction (1, 4, 9) . Calponin is one such actin-binding protein that is almost exclusively expressed in smooth muscle (10) . Calponin has been suggested as a possible regulator of smooth muscle contraction because it inhibits actomyosin ATPase and slows or blocks actin movement in motility assays (11, 12) , most likely by inhibiting a kinetic step (13, 14) . The relevance of these data to regulation of contraction in the smooth muscle cell are uncertain, however, since these observations were made on isolated proteins in solution under unphysiological conditions and without the constraints of a fixed filament lattice. Here we performed experiments in smooth muscle cells to assess the properties of dephosphorylated myosin and to determine the role of the thin filament protein calponin in regulation of smooth muscle.
MATERIALS AND METHODS

Preparation, Chemical Skinning, and Extraction of Single Smooth Muscle Cells.
Single smooth muscle cells were isolated by enzymatic treatment of the muscular layer of stomachs from the toad Bufo marinus (15) . Previous mechanical studies (16) have shown that smooth muscle cells from the stomach of Bufo marinus exhibit an apparent slowing of cross-bridge cycling during force maintenance similar to other smooth muscles exhibiting latch contraction (6) . The cells were skinned with saponin (17) and then kept in a solution containing 5 mM EGTA, 1 mM magnesium methanosulfate, 20 mM pipes, 75 mM potassium methanosulfate, and 5 mM DTT at pH 6.5 (rigor solution) for 20 min. Calponin and the RLC were extracted from the cells by treatment with 1 mM trifluoperazine (TFP) in 5 mM EDTA, 5 mM trans-1,2-diaminocyclohexane-N,N,NЈ,NЈ-tetraacetic acid (CDTA), 10 mM KH 2 PO 4 , 150 mM KCl, 10 mM imidazole, 0.005% Triton X-100, and 5 mM DTT at pH 6.5 at 4°C for 20 min. The cells were then washed several times with the rigor solution to remove TFP and then reconstituted with light chain by incubation with 0.3 mg͞ml RLC in the rigor solution at 4°C overnight. Unbound RLC was removed and the cells were washed with the rigor solution. RLCs were expressed and purified as described (18) . For some experiments, skinned cells reconstituted with RLC were incubated in rigor solution containing 500 g͞ml of calponin at 4°C for 45 min or 200 g͞ml caldesmon for 3 hr at 4°C. Unbound calponin or caldesmon was removed by washing the cells with the rigor solution. Calponin was purified from the muscularis layer from stomachs of Bufo marinus (19) and caldesmon was purified from chicken gizzard (20) . In some experiments, native RLC was exchanged with exogenous RLC (300 g͞ml) by incubating cells in an exchange solution (10 mM EDTA͞10 mM CDTA͞10 mM imidazole͞10 mM KCl͞5 mM DTT͞0.1 mg leupeptin/ml͞0.005% Triton X-100, at pH 6.5) at 4°C for 30 min, and then for 2 hr at 40°C. Skinned cells serving as controls were incubated with 300 g͞ml bovine serum albumin under the same conditions. After the exchange procedure, unbound RLC was removed by washing the cells with rigor solution.
Fluorescence Imaging of Reconstituted RLCs. For determination of the distribution of reincorporated RLC, extracted cells were reconstituted with a rhodamine-labeled RLC and immunolabeled using fluorescent-labeled monoclonal antibody LMM.1 against myosin heavy chain (21). High-resolution three-dimensional images were generated by processing a series of optical sections using a constrained deconvolution algorithm (22) .
Measurement of Unloaded Shortening of Single Smooth Muscle Cells. Cells were incubated in a chamber on an inverted Zeiss IM35 microscope. Brightfield images of the cells were captured with a sampling rate of 1 per sec using a CCD camera (MTI, CCD72) and stored on an optical disc (Panasonic). Digitization of the images and measurement of cell length were performed as described (23) . The shortening velocity of each cell was determined by measuring the cell's length in images taken before and at different times after the initiation of contraction. The initial rate of shortening was constant until the cell was about one-half of its initial length (Li). Shortening slowed after this cell length, probably due to compression of structures that resist shortening. Shortening velocities were determined 3 sec after activation and are given as Li͞sec. Photolysis of 2 mM caged ATP (Dojindo Laboratories, Kumamoto, Japan) by illumination with a xenon lamp was used to initiate shortening from rigor. The shortening velocity using 1 or 5 mM caged ATP to initiate shortening was not significantly different from that using 2 mM caged ATP. Skinned cells were maximally activated by thiophosphorylation of the RLC on myosin by depleting the cells of MgATP (1 mM glucose and hexokinase in rigor solution for 30 min), followed by incubation with 1 mM ATP␥S and 5 M calmodulin in the rigor solution containing 30 M free Ca 2ϩ for 90 min at room temperature. Shortening was initiated by photogeneration of ATP after washing away the solution used to thiophosphorylate the RLC.
Measurement of Isometric Force in Single Smooth Muscle Cells. For measurement of isometric force development the cells were mounted between a force tranducer and a length driver, and stretched to a passive tension that was about 5% of active force as described previously (24) , except that in most experiments cells were glued at each end to stainless steel pins (tip diameter 10 m) using Great Stuff (Insta-Foam Products, Joliet, IL). After attachment, the glue was allowed to cure for 20 min before contraction was initiated by photolytic release of ATP from 2 mM caged ATP. The photolysis was performed using a xenon arc lamp with a flash duration of less than 1 msec, controlled by a Strobex power pack (Model 236, Chadwick-Helmuth, El Monte, CA). Force was measured using a Cambridge force transducer (model 406, Cambridge Technology, Cambridge, MA).
RESULTS AND DISCUSSION
Characteristics of TFP-Extracted Smooth Muscle Cells. To explore the contractile properties of cells containing dephosphorylated cross-bridges, we extracted the endogenous RLC from skinned cells using TFP and replaced it with a mutant RLC (T18A͞S19A) that cannot be phosphorylated. In this way, we hoped to avoid uncertainties regarding the state of phosphorylation of endogenous RLC resulting from the presence of myosin light chain kinase in these cells. Calponin was also extracted by this procedure, which allowed us to explore its possible involvement in regulating actomyosin interaction in the organized contractile system. The TFP extraction procedure removes more than 90% of the RLC on myosin and essentially all the calponin in skinned smooth muscle cells (Fig.  1 Upper). While caldesmon was clearly present after TFP extraction ( Fig. 1 Upper), a small and variable amount of it was lost in some preparations.
The TFP extraction procedure per se is not deleterious to the cell. When extracted cells are reconstituted with RLC, the amount of RLC is similar both to the content before extraction as well as to that in the intact cell ( Fig added RLC colocalizes with myosin in cells where RLC has been extracted. The distribution of fluorescently labeled RLC ( Fig. 1 Left Lower, lane a) is indistinguishable from that seen when a monoclonal antibody against myosin heavy chain is used to visualize myosin distribution in the same cell ( Fig. 1 Left Lower, lane b). Measurements of isometric force in single cells reveal that after the extraction of endogenous RLC and reconstitution with thiophosphorylated RLCs, the contractile system functions normally. In cells reconstituted with thiophosphorylated RLC, the rate of force development (rate: 0.3 s Ϫ1 ) and the maximum force level (Fig. 1, Right Lower) are similar to that observed for intact electrically stimulated cells (24) . The mean peak shortening velocity of cells reconstituted with thiophosphorylated RLC (0.097 Li͞sec) was virtually identical to ( Fig. 2 (Fig. 2 A) . This extremely slow shortening of the extracted cells is not surprising since RLC deficient myosin in vitro shows a slow rate of actin movement (25) . This very low velocity does not appear to be due to the action of an unregulated MLCK on the small number of endogenous light chains retained after the TFP extraction, since extracted cells shortened when activated by ITP, a substrate for myosin, but not for MLCK (26) .
Interestingly, the shortening velocity of cells reconstituted with an unphosphorylatable RLC (T18A͞S19A) or dephosphorylated WT RLC was approximately 30% of the velocity of cells with the thiophosphorylated WT RLC (Table 1, Fig. 2 ). The relatively high shortening velocity of cells reconstituted with T18A͞S19A RLC was not affected when MLCK was inhibited by wortmannin or the MLCK autoinhibitory peptide SM-1 (3, 27) . Thus, it is unlikely that these cells were activated by phosphorylation of the small amount of native RLC remaining after TFP extraction. Shortening velocity with the nonphosphorylatable RLCs was considerably greater than in cells reconstituted with a control nonfunctional chimeric RLC containing the N-terminal half of the smooth RLC and the C-terminal half of the skeletal muscle myosin RLC (18) (N smooth͞C skeletal, Table 1 , P Ͻ 0.01, Student's t test for unpaired data). These results suggest that unphosphorylated myosin can support significant rates of cell shortening, albeit at rates considerably less than in cells containing thiophosphorylated RLC.
Effect of Calponin on Isotonic Contraction. How can the apparent ability of dephosphorylated RLC to support significant rates of shortening in these extracted cells be reconciled with the fact that intact smooth muscle cells do not shorten until the RLC is phosphorylated? A clear difference between the TFP-extracted cells and intact cells is the absence of calponin in the extracted cells. To investigate if calponin could restore more complete phosphorylation-dependent regulation to these cells, calponin was readded to extracted cells reconstituted with the thiophosphorylated or T18A͞S19A RLC. The amount of bound calponin in these cells was somewhat higher than the amount present in intact or skinned cells (Fig. 3 Upper Left). The excess of calponin in these cells (as much as two times native levels) is presumably either bound to other proteins or is further saturating the actin filaments. Under these conditions, the velocity of cells with thiophosphorylated RLC remained high when calponin was added back, whereas the shortening of cells with the T18A͞S19A RLC was completely inhibited (Fig. 3 Upper Right) .
Additional studies were carried out to determine if the variable decrease in caldesmon content or the loss of calmodulin that accompanied extraction of calponin contributed to the shortening capacity of unphosphorylatable cross-bridges. Addition of caldesmon to supernormal cellular levels (i.e., to more than 10 times that present in skinned cells) did not significantly affect the shortening velocity of cells containing either T18A͞S19A or thiophosphorylated RLC (Fig. 3 Upper Right). Addition of calmodulin also did not affect the contraction of cells reconstituted with T18A͞S19A or thiophosphorylated RLC. Two other proteins, most likely SM-22 and filamin, are partially extracted during TFP treatment. It is quite unlikely that the loss of SM-22 or filamin accounts for the ability of nonphosphorylated RLC to support shortening or force generation. This follows from prior results showing that smooth muscle cells that have lost SM-22, but not calponin, cannot contract unless the RLC is phosphorylated (17) , and that filamin has no affect on actin-activated myosin ATPase under physiological conditions (28) . As typified by the experiments in Fig. 3 and Table 1 , the ability of myosin-containing nonphosphorylated RLC to support shortening is specifically inhibited following reconstitution with calponin. These findings suggest that in the intact cell calponin suppresses crossbridge cycling by unphosphorylated myosin.
Since nonspecific binding of excess calponin to the thin filaments of skinned smooth muscle can inhibit shortening velocity and force (29, 30) , we sought to assess the regulatory properties of T18A͞S19A RLC and dephosphorylated WT RLC without perturbing the endogenous calponin. This was achieved by exchanging RLCs at elevated temperature in the absence of divalent cations, similar to procedures used for skinned striated muscle or in solution with purified myosin (31) . The exchange procedure caused more than 90% replacement of the native RLC with only a small effect on the calponin content of the cells (Fig. 3 Lower Left) . The contractile properties of cells exchanged with thiophosphorylated RLC are similar to those of cells from which the RLC was extracted and then reconstituted with thiophosphorylated RLC (Fig. 3 Lower Right, Table 1 ). In contrast to the cells lacking calponin, the shortening velocity of cells with native amounts of calponin and the T18A͞S19A RLC was now low (Fig. 3 Lower Right, Table 1 ). In one experiment where cells were kept in the ''exchange solution'' for much longer periods than used for the experiment in Fig. 3 , all calponin was lost and those cells contracted when unphosphorylatable RLC was exchanged for the native RLC. The results of these exchange experiments indicate that when calponin is present in physiological concentrations it inhibits slow cycling of unphosphorylated crossbridges, whereas its effects on thiophosphorylated myosin are minor.
Isometric Contractile Properties of Cells: Effects of Calponin and RLCs. The conclusions from the studies described thus far are based on measurements of shortening velocity, and while telling us that cross-bridges containing unphosphorylated RLC can cycle in the absence of calponin, they do not tell us how such cross-bridges might contribute to force production. Experiments were therefore carried out to measure the isometric force of single cells containing different RLCs and thin-filament regulatory proteins. Single cells were stretched slightly, thereby producing a small amount of rigor force prior to photogeneration of ATP (Fig. 4, arrows) . When MLCK was inhibited with wortmannin in cells that were skinned but not extracted, isometric force dropped to zero upon photorelease of ATP and did not subsequently increase in the cell shown in Fig. 4A or in two other similar cells. When extracted cells were challenged with ATP, force initially decreased and then slowly began to increase slightly (Fig. 4B) . The small amount of steady-state force produced by the extracted cells is probably due to the cycling of a small number of RLC containing cross-bridges that remained after extraction, since in one preparation from which all the native RLC was removed no force was produced following photorelease of ATP. Cells without calponin but reconstituted with T18A͞S19A RLC produced, on average, about 65% of the force of cells reconstituted with thiophosphorylated RLC (Fig. 4 C and D, Table  1 ). The response of cells reconstituted with T18A͞S19A was not affected when MLCK was inhibited with wortmannin indicating that the cells are not cooperatively activated by phosphorylation of the small amount of native RLC remaining in some of the cells. As typified by the records in Fig. 4 C and D, isometric force increased about 4-fold more slowly in cells containing nonphosphorylatable RLC compared with phosphorylated RLC. Cells reconstituted with both calponin and T18A͞S19A RLC produced almost no force (n ϭ 4) (Fig. 4E) , 
*Mean relative maximal shortening velocity of single toad smooth muscle cells from which calponin and native RLC were extracted with TFP. Native RLC was replaced with either dephosphorylated WT RLC, thiophosphorylated WT RLC, a mutant RLC with Thr-18 and Ser-19 mutated to alanine (T18A͞S19A), or a chimeric RLC composed of the N terminal from smooth muscle RLC and the C terminal from skeletal muscle RLC (N smooth͞C skeletal). Neither dephosphorylated WT RLC, T18S͞S19A RLC, or the N smooth͞C skeletal support in vitro motility. Velocities are reported as mean Ϯ SEM (10-28 cells per experiment) and are given in percent relative to the velocity of cells replaced with the thiophosphorylated WT RLC after subtraction of the basal activity of extracted cells without RLC. Mean velocity of cells reconstituted with the thiophosphorylated WT RLC without calponin was 0.097 Ϯ 0.006 Li͞sec (see Fig. 2 for details). Numbers in parentheses refer to the number of independent experiments. † The mean relative shortening velocity of cells from which calponin was not extracted but the native RLC was exchanged with mutant RLCs. Calponin content was 50-80% of control levels. Basal velocity was 0.012 Ϯ 0.004 Li͞sec and 0.010 Ϯ 0.003 Li͞sec (n ϭ 3 and 4, respectively) for cells incubated in the exchange buffer at 4°C and in untreated skinned cells, respectively. Velocities are reported as mean Ϯ SEM (10-26 cells per experiment) and are given in percent relative to the velocity of cells replaced with the thiophosphorylated WT RLC after subtraction of the basal activity of control cells incubated with 300 g͞ml albumin (0.022 Ϯ 0.002 Li͞sec, n ϭ 3). Mean velocity of cells with the thiophosphorylated WT was 0.089 Ϯ 0.012 Li͞sec. ‡ Shortening velocity of untreated skinned cells that were maximally activated by thiophosphorylation of the native RLC. Velocities are given in percent relative to the velocity of cells from the same preparation with thiophosphorylated WT RLCs, but without calponin. similar to skinned cells in the presence of wortmannin where calponin was not removed and endogenous RLCs were not phosphorylated (Fig. 4A) . Reconstitution of calponin in extracted cells had no significant effect on force produced by cells containing thiophosphorylated RLC; such cells produced 124 Ϯ 21% (n ϭ 5) of the force produced by cells from the same preparation reconstituted with thiophosphorylated RLC alone. Addition of caldesmon to supernormal cellular levels had no significant effect on the relatively high force production characteristic of T18A͞S19A reconstituted cells. Three cells exposed to caldesmon at 200 g͞ml and reconstituted with T18A͞S19A produced on average 72 Ϯ 16% of the force of three other cells reconstituted with thiophosphorylated WT RLC, comparable to cells reconstituted with T18A͞S19A in the absence of added caldesmon or calponin. These results indicate that cross-bridges containing unphosphorylated RLC can produce significant force and that this interaction is inhibited by calponin either directly, or indirectly as part of some regulatory complex.
Interpretation of Results. While the ability of nonphosphorylated cross-bridges to produce force has long been predicted from physiological measurements on intact smooth muscle (2, 6, 7) , the current results seem at first difficult to reconcile with many (32-34), but not all (35, 36) , biochemical experiments on purified smooth muscle myosin that have concluded that dephosphorylated myosin does not cycle. Recent mutational studies (37) on expressed smooth muscle subfragments suggest a resolution of this apparent paradox. It is becoming increasingly clear that for myosin to attain a completely inhibited state solely by dephosphorylation of the RLC, a number of interactions involving multiple domains of the molecule must occur. If any of these interactions are prohibited, then dephosphorylated myosin can show a range of activities, up to 50% of that seen with phosphorylated myosin (37) . Within the cell, it is not difficult to envision that either the structure of the native filament itself or accessory proteins that bind near the head͞ rod junction (e.g., telokin) could restrict the necessary intramolecular interactions in myosin. This could cause partial activation of dephosphorylated myosin, thus allowing dephosphorylated cross-bridges to produce force and shorten at significant rates. Similarly, effects on intramolecular interactions of smooth muscle myosin may well explain why in the presence of high concentrations of MgCl 2 actin-activated ATPase is 40% of the rate following RLC phosphorylation (35) and why under strong reducing conditions the rate of sliding of actin filaments in in vitro motility assays may be 20% of that with myosin where RLC is phosphorylated (36) . While differences in intramolecular interactions may well explain why purified myosin behaves differently from that in the cell, another possibility is that because the intracellular actin concentration is much higher than can be achieved in vitro actin-myosin interactions involving low actin affinity states may be uniquely expressed in the cell. The existence of such low affinity states has been suggested (38) to explain differences in smooth muscle myosin activity in solution versus in vitro motility assays. While the explanation for the observed differences will have to await further study, the current results clearly indicate that within the cell dephosphorylated smooth muscle myosin can support both shortening and significant force production.
The observation that calponin inhibits the ability of nonphosphorylated myosin to support shortening and force production is consistent with previous biochemical observations indicating that calponin inhibits actomyosin ATPase and slows or blocks sliding of actin filaments on myosin in motility assays (1, 11, 12) . While one recent immunolocalization study failed to find calponin on thin filaments in close proximity to myosin (39) , at least two others have shown that calponin is found in regions of smooth muscle cells thought to contain molecules characteristic of the contractile domain of the smooth muscle cells (19, 40) . We have recently found, using high-resolution fluorescence energy transfer imaging, that calponin (and actin and tropomyosin) containing fibrils are closely apposed to regions containing myosin (U.M., J.C., and F.S.F., unpublished observations). Hence, calponin is indeed present in regions of the smooth muscle cells used in this study, where it could act to regulate the interaction of dephosphorylated myosin and actin.
A model for the regulation of smooth muscle contraction in the intact cell emerges from these studies. In the resting state, slow cycling of dephosphorylated cross-bridges is inhibited by calponin bound to the thin filament. During activation with Ca 2ϩ , the attachment of strongly bound phosphorylated crossbridges could directly or via tropomyosin override calponin inhibition and turn on the actin filaments, thus allowing attachment and cycling of unphosphorylated cross-bridges. In addition, or perhaps alternatively, the inhibitory effect of calponin could be reversed by Ca 2ϩ ͞calmodulin or Ca 2ϩ ͞ caltropin or by phosphorylation of calponin (14, 41, 42) . Activation of any of these pathways that cancel the inhibitory action of calponin could in principle allow dephosphorylated cross-bridges to manifest their ability to slowly cycle. Such slowly cycling dephosphorylated cross-bridges are essentially the ''latch'' bridges proposed by Murphy and colleagues (5, 6) . In contrast, however, to the suggestion by Murphy and colleagues that latch bridges uniquely arise when attached phosphorylated myosin is dephosphorylated, these results indicate that slow cycling high force attachments between actin and myosin can occur without prior RLC phosphorylation. These results indicating the involvement of a second regulatory system, in conjunction with the primary regulation by light chain phosphorylation, could explain how dephosphorylated cross-bridges could be noncycling in the relaxed state, but slowly cycle when the cells are activated.
